Mechanical cues present in the stem cell niche resulting from intracellular processes or external force sources significantly affect the basic functions of stem cells such as self-renewal and differentiation. Creation of artificial cellular matrices exhibiting intrinsic mechanical cues generated by mechanical movements remains scarce. Herein, we reported on mechanically dynamic hydrogel matrices undergoing photo-induced directional domain sliding movement and their role in regulating embryonic stem cell (ESC) differentiation. The mechanically dynamic hydrogels were prepared via the self-assembly of an alternating hydrophilic and hydrophobic peptide with a photocaged cysteine residue. Upon light irradiation, the assemblies of the caged peptide were converted to non-equilibrated non-caged peptide bilayers that underwent the directional domain sliding motion induced by the thermodynamically favorable hydrophobic collapse transition. Culturing murine ESCs on the mechanically dynamic hydrogels resulted in biased differentiation toward the ectodermal lineage. We further showed that the mechanically dynamic hydrogels stimulated the translocation of a mechanotransduction protein Yes-associated protein (YAP) into the nucleus, implicating a potential mechanotransduction mechanism for the biased differentiation of ESCs. The finding of the biased ectodermal differentiation of ESCs induced by the mechanically dynamic hydrogels implies the great potency of the mechanically dynamic hydrogels as biomaterials for disease therapy and tissue regeneration in the future. Scheme 1 Photoinduced mechanical dynamic hydrogels. (a) Schematic representation of creation of mechanically dynamic (MD) hydrogels undergoing photo-induced directional domain sliding motion and their utilization as artificial matrices for promoting the biased differentiation of ESCs into ectodermal cells associated with the directional mechanical motion; (b) chemical structures of peptide VEC-CNB containing a CNB photocage group and its photo-cleavage into peptide VEC.
INTRODUCTION
Mechanical cues present within cell local microenvironment regulate cell behavior and fate due to their critical role in cell communication [1] [2] [3] . In particular, mechanical signals in the stem cell niche resulting from intracellular processes or external force sources significantly affect the basic functions of stem cells, such as selfrenewal and differentiation [4] [5] [6] [7] [8] . This fact stimulates the development of biocompatible hydrogels exhibiting extrinsic or intrinsic mechanical signals as biomimetic extracellular matrices (ECM) for stem cell-based organogenesis, thus leading to great potency in tissue engineering and regeneration [9] [10] [11] [12] [13] . Alternative to externally applied physical forces, the intimate relationship between the elasticity of matrices and their capability in transferring force to cells indicates that controlling the intrinsic stiffness of artificial matrices allows for tuning the mechanical signals applied to stem cells and thereby guiding their differentiation [14] [15] [16] [17] [18] . This interpretation inspires creation of a considerable number of hydrogels with tunable mechanical properties, i.e., stiffness, for controlling and manipulating stem cell fate [19] [20] [21] [22] [23] [24] . Despite the progress achieved over the past decade in hydrogels with tunable stiffness, creation of hydrogel matrices exhibiting mechanical cues resulting from intrinsic mechanical movements remains challenging, and the effect of underlying movements within hydrogels on stem cell fate is still ambiguous. Herein, we reported on mechanically dynamic peptide hydrogels undergoing photoinduced directional domain sliding movement and investigated the differentiation of embryonic stem cells (ESCs) guided by the mechanical movement within hydrogels.
Mechanical movement is an intrinsic behavior for many biomacromolecules and sustains their functions in distinct fundamental physiological processes such as DNA replication and ATP synthesis. These biological mechanical movements have inspired creation of artificial systems undergoing stimulus-responsive motions and exhibiting great potency in nanomedicine including controlled drug release, membrane transport, and disease detection [25] [26] [27] [28] [29] . In particular, artificial mechanical movements can generate large strains or stress with a high force density compared to biological motors [30] . Therefore, anchoring mechanical movement systems on the surface also allows for reversible bending and stretching of the microscopic microcantilever beams in mechanical actuators or the unidirectional transportation of macroscopic liquid drops via controlling the surface energy [31, 32] . These examples demonstrate that incorporation of mechanical movements into hydrogel matrices potentially allows for force generation and thereby affecting the stem cell fate due to the resulting mechanical signals. Inspired by the sliding motion between myosin and actin proteins during muscle contraction and extension, which has been recognized as the most representative biological mechanical movement for force generation, we incorporated the directional domain sliding motion into peptide assemblies to create the mechanically dynamic hydrogels.
For this purpose, we designed and synthesized an alternating hydrophilic and hydrophobic amphiphilic peptide (VEC-CNB) containing a cysteine residue caged with a photo-cleavable α-carboxy-2-nitrobenzyl (CNB) protection group (Scheme 1). It is worth noting that the interactions of peptides can be precisely tailored via rational design of peptide sequences to create well-defined nanostructures [33] . Based on the previous reports [34] , the noncovalent interactions between alternating hydrophilic and hydrophobic domains consisting of eight residues are able to promote their self-assembly. Therefore, we hypothesized that during the self-assembly of peptide VEC-CNB, the hydrophilicity of the CNB-caged cysteine residue allows it to serve as the stopper for the hydrophobic collapse involving 8-residue-length segments [35] , leading to two flexibly protruded segments within the formed bilayer structures. However, peptide VEC forms the bilayers stabilized by the hydrophobic interactions involving the full-length sequence due to the relative hydrophobicity of cysteine residue. Hence, exposing the bilayer assemblies of peptide VEC-CNB to light irradiation cleaves the photocage groups, thereby generating non-equilibrated VEC bilayers that undergo the directional domain sliding motion promoted by the thermodynamically favorable hydrophobic collapse transition. As a result, hydrogelation of the self-assembly of peptide VEC-CNB and photo-cleavage of the cage groups lead to formation of the mechanically dynamic hydrogel VEC-MD undergoing mechanical movement (Scheme 1), which might exhibit several advantages serving as artifi-cial ECM. While the peptide component renders the great cytocompatibility of hydrogels utilized as biomaterials, the self-assembly of alternating polar and nonpolar peptides into nanofibril networks conventionally gives rise to hydrogels with tunable mechanical properties associated with peptide sequences [36] . In addition, utilization of light as stimulus to promote mechanical movement within hydrogels reserves the spatial and temporal resolution for precise control over the distribution of mechanical movements within the hydrogels [37] [38] [39] , which results in the implications of the mechanically dynamic hydrogels as smart materials in the future. Based on these considerations, we employed the mechanically dynamic hydrogel VEC-MD as artificial ECM and investigated the effect of the directional mechanical movements within hydrogels on the differentiation of murine ESCs. At the same time, two thermodynamically static hydrogels prepared from equilibrated assemblies of peptides VEC-CNB and VEC also served as cellular matrices to elucidate the effect of mechanical movements on cell fate.
EXPERIMENTAL SECTION

Peptide synthesis
The starting material peptide VEC was synthesized via standard Fmoc solid-phase peptide synthesis (SPPS) using the CEM Liberty Blue peptide synthesizer, accompanied with the catalyst of N,N′-diissopropylcarbodiimide (DIC). Piperidine (20%) in N,N-dimethylformamide (DMF) solution was used to carry out the Fmoc deprotection during SPPS. Peptide on resin was cleaved from resin by using a mixture of trifluoroacetic acid (TFA)/ thioanisole/ethanedithiol/anisole in a ratio of 90:5:3:2 for 3 h. After cleavage, the filtered solution was concentrated by rotary evaporation, and the crude peptide was precipitated from cold diethyl ether (−20°C). The crude peptide was then purified by preparative reverse phase high performance liquid chromatography (RP-HPLC) equipped with a Durashell C18 column (C18, 10 μm, 150 Å, 30×150 mm). A gradient from "5% acetonitrile + 95% water" to "95% acetonitrile + 5% water" was used as the eluent at a flow rate of 10 mL min −1 . The purified peptide VEC was converted to peptide VEC-CNB by reacting with 2-bromo-2-(2-nitrophenyl)acetic acid (BNPA), which was prepared by a modified protocol reported previously [35] . Under a nitrogen atmosphere, an aqueous solution (10 mL) of mixed BNPA (91.2 mg, 0.35 mmol) and bis-tris-propane (BTP) (566 mg, 2 mmol) was added to the aqueous solution (10 mL) of VEC (148 mg, 0.1 mmol) in a sealed Schlenk flask via syringe. Following adjusting pH of the reaction solution to 8.5 via aqueous ammonium hydroxide, the reactant was stirred overnight at room temperature in dark. Upon completion of the reaction, solvent was removed by lyophilization. Dispersing the resulting solid in CHCl 2 (50 mL) by sonication and collecting the precipitate by centrifugation allowed to remove the impurities arising from BNPA and BTP reagents. The dispersion-centrifugation process was repeated again. The collected precipitate was dissolved in basic aqueous solution. Adjusting the solution pH to 4 by aqueous HCl led to precipitation and collecting the precipitate by centrifuge gave rise to the crude product VEC-CNB. The crude peptide was then purified by preparative reverse phase HPLC utilizing the identical condition for the purification of peptide VEC.
Stock solutions of peptides
All the samples for the conformational and assembling characterization of peptides VEC-CNB and VEC were prepared from the stock solutions. In the case of peptide VEC-CNB, we initially dissolved the lyophilized powder of peptide VEC-CNB in basic water (pH 10.0) mediated by aqueous NH 4 OH. After adjusting the solution pH to 5.6 by diluted HCl solution, the resulting solution was heated at 80°C for 30 min and cooled down to room temperature automatically, leading to the stock solution of peptide VEC-CNB with a concentration of 2 mmol L −1 .
In the case of peptide VEC, upon UV light (λ=365 nm) irradiation at room temperature for 3 h, peptide VEC-CNB in the annealed solution was quantitatively converted to peptide VEC. The resulting solution of peptide VEC was annealed, yielding the stock solution of peptide VEC with a concentration of 2 mmol L −1 .
Circular dichroism (CD) spectroscopy
CD experiments were performed on a spectrometer (Biologic MOS-500) using 0.2 cm quartz cuvettes at 25°C. All scans were recorded with a wavelength interval of 1.0 nm and an acquisition time of 1 s in the wavelength range of 190-250 nm. CD samples of peptides VEC-CNB and VEC at a concentration of 100 μmol L −1 were prepared by diluting the stock peptide solutions (2 mmol L −1 ).
Fourier transform infrared (FTIR) spectroscopy
FTIR experiments were carried out using a Tensor II FTIR spectrometer (Brucker). All FTIR samples of peptides VEC-CNB and VEC were prepared by dropping the stock solution of peptides (2 mmol L −1 ) on the quartz detector under the light source. The FTIR signals from the wavenumber region of 4000 to 400 cm −1 were collected at room temperature, and only the region corresponding to the vibration absorption of amide I was shown in Fig. 1c .
Transmission electron microscopy (TEM)
TEM images were taken by a Tecnai G2 F20 microscope with an accelerating voltage of 100 kV. TEM samples of peptides VEC-CNB and VEC were prepared by diluting the stock solution of peptides to 100 μmol L −1 . 10 μL of the diluted peptide solution was pipetted onto the surface of a carbon-coated copper grid for 5 min and blotted by filter paper. Subsequently, 10 μL of 2 wt% uranyl acetate was placed on the grid for staining and blotted by filter paper after 2 min. The grid was dried in a desiccator prior to measurement.
Atom force microscopy (AFM)
AFM studies were carried out on a Bruker ICON instrument under the tapping mode. AFM samples of peptides VEC-CNB and VEC were prepared by diluting the stock solution of peptides to a concentration of 100 μmol L −1 and depositing (10 μL) on the freshly cleaved mica surfaces for 5 min. The retained solution on mica was removed by filter paper and the samples were dried in a desiccator prior to AFM experiments.
Hydrogel VEC-CNB A solution of peptide VEC-CNB (12 mmol L −1 ) was prepared by dissolving the lyophilized powder of peptide VEC-CNB in ammonia water (pH 10) and adjusting the pH to 5.6 by aqueous HCl. The resulting solution was annealed for thermodynamic equilibration of the assemblies of peptide VEC-CNB. 10 equiv. of CaCl 2 was added to the annealed solution of peptide VEC-CNB (12 mmol L −1 ), leading to the thermodynamically static hydrogel VEC-CNB.
Intermediate hydrogel VEC
To prepare hydrogels VEC and VEC-MD, an intermediate hydrogel VEC was prepared by adding 6 equiv. of CaCl 2 into the annealed solution of peptide VEC-CNB (12 mmol L −1 ) and irradiating with UV light (365 nm) for 6 h to quantitatively cleave the cage groups. 
Hydrogels VEC and VEC-MD
Rheological experiments
Rheology measurements were performed on a TA Instruments AR 1500ex rheometer operating in an oscillatory mode. The peptide samples were dropped onto a 40 mm parallel plate, and the plate was equipped with a solvent trap of silicon oil in order to prevent evaporation of the solvent. ) to each well of 96-well plate. After incubating at room temperature for 30 min, the hydrogelcontaining 96-well plates were centrifuged at 2000 r min 
RESULTS AND DISCUSSION
We studied the photo-cleavage of the CNB groups in peptide VEC-CNB using analytic RP-HPLC. Exposure of peptide VEC-CNB to UV light (365 nm) led to the shift of its retention at 6.3 min in the HPLC trace to 10.2 min for a product (Fig. 1a ), which possesses a molecular mass corresponding to the non-caged peptide VEC (Figs S2-S4). These results are indicative of the photo-induced quantitative conversion of peptide VEC-CNB to VEC upon UV light irradiation. We further characterized the secondary structures formed by peptide VEC-CNB and its photo-cleavage product peptide VEC by using CD spectroscopy and FTIR (Fig. 1b, c) . CD spectrum of peptide VEC-CNB predominately displayed a minimal band at 216 nm, suggesting formation of β-sheets by peptide VEC-CNB. CD spectrum of peptide VEC exhibited a minimal Cotton effect peak at 216 nm as well ( Fig. 1b) , implying maintenance of β-sheet conformation of peptide VEC [40, 41] . We found that at an identical concentration, the intensity of the β-sheet CD signal of peptide VEC is higher than that of peptide VEC-CNB, indicating increase of the β-sheet population formed by peptide VEC compared with peptide VEC-CNB [40, 41] . This increase is attributed to the enhanced stability of the β-sheets formed by peptide VEC potentially resulting from the elongated length of the sequences within the cross-β assemblies compared with peptide VEC-CNB. The secondary structures formed by peptides VEC-CNB and VEC were confirmed by FTIR studies (Fig. 1c ). FTIR spectra of peptides VEC-CNB and VEC showed two transmittance bands at 1624 and 1692 cm −1 associated with the vibration absorption of amide I bonds, suggesting formation of anti-parallel β-sheets by both of them [42, 43] . The combined CD and FTIR results support our hypothesis of formation of the VEC-CNB bilayer assemblies with two oppositely protruded segments along the nanofibers and the VEC bilayer assemblies with fulllength sequences (Scheme 1), and thereby leading to the probability of creation of the mechanically dynamic hydrogels undergoing the photoinduced directional domain sliding movement. We investigated the morphology of the assemblies formed by peptides VEC-CNB and VEC by TEM and AFM ( Fig. 1d-g) . TEM images showed that peptides VEC-CNB and VEC assembled into flexible and rigid nanofibers with a width of 4.21 and 5.85 nm, respectively (Fig. S7 ). The widths of the VEC-CNB and VEC nanofibers are consistent with the lengths of the hydrophobic interfaces between approximately 8-or 13-residue long segments, respectively. This consistency indicates the hydrophobic collapse occurs to peptides VEC-CNB and VEC involving partial-or full-length domain, further suggesting that the hydrophilic CNB-caged cysteine residue serves as the stopper for the hydrophobic interface between anti-parallel organized VEC-CNB monomers. The fully hydrophobic collapse of peptide VEC potentially leads to increase of the β-sheet population compared with peptide VEC-CNB as revealed by CD studies. We confirmed the morphology of the assemblies formed by peptides VEC-CNB and VEC by carrying out AFM experiments ( Fig. 1f, g) . AFM studies displayed flexible and rigid nanofibers formed by peptides VEC-CNB and VEC, respectively. The height of the resulting flexible or rigid nanofiber was determined to be 2.07 and 2.21 nm, respectively (Fig. S8) , which is corresponding to the widths of the bilayers of peptides VEC-CNB and VEC (Figs S9, S10) . The combination of the conformational and morphological results allows us to elucidate the potential mechanism for the self-assembly of peptides VEC-CNB and VEC (Fig. 2) . Analogue to conventional alternating hydrophilic and hydrophobic peptides, both peptides VEC-CNB and VEC assemble into nanofibers driven by anti-parallel H-bonding interactions and hydrophobic interactions at the valine-interfaces. While the partial hydrophobic collapse of the domains promotes the self-assembly of peptide VEC-CNB into flexible nanofibers appended with two protruded disordered segments, the stiff nanofibers are formed by VEC caused by the full hydrophobic collapse. This mechanism potentially allows for the directional domain sliding motion promoted by the hydrophobic collapse transition upon photo-cleavage of the CNB groups within peptide VEC-CNB bilayers.
We estimated the hydrogelation behavior of peptide VEC-CNB in dark or upon UV light irradiation by rheological experiments to prepare the thermodynamically static and mechanically dynamic hydrogels ( Fig. 3 and Figs S11-S14). We found that adding of calcium chloride (10 equiv.) to the annealed solution of peptide VEC-CNB in dark led to immediate hydrogelation and formation of thermodynamically static hydrogel VEC-CNB with a storage modulus of 828.5 Pa (Fig. 3a, b) . However, upon UV irradiation of the annealed solution of peptide VEC-CNB for 6 h, CD spectrum of the resulting VEC solution showed that the intensity of β-sheet signals is close to that of the annealed solution of peptide VEC (Fig. S15 ). This indicates partial completion of the Figure 2 Graphic illustration of the self-assembly of peptides VEC-CNB (a) and VEC (b) via intermeshing two domains at their hydrophobic interface with two protruded segments or blunt termini, respectively. transition from the partial to full hydrophobic collapse within the non-equilibrated VEC bilayers. To prepare mechanically dynamic peptide hydrogels undergoing directional mechanical movement, we reduced the rate of the photo-induced hydrophobic collapse transition via trapping the non-equilibrated VEC bilayers in intermediate hydrogels. Hence, irradiation of the annealed solution of VEC-CNB mixing with 6 equiv. of CaCl 2 for 6 h led to preparation of the intermediate hydrogel VEC composed of VEC bilayers exhibiting a β-sheet signal intensity close to that of peptide VEC-CNB, indicating the non-equilibrated state for VEC bilayers within the intermediate hydrogel (Fig. 3c) . Annealing the intermediate hydrogel VEC and adding additional 4 equiv. of CaCl 2 resulted in formation of thermodynamically static hydrogel VEC with a storage modulus of 2007.0 Pa (Fig. 3a, b) . Based on the intrinsic relationship between the length of alternating polar and nonpolar sequences and the stiffness of resulting hydrogels, increase of the stiffness of static hydrogel VEC compared with static hydrogel VEC-CNB suggests the partial or full hydrophobic collapse within the bilayers of VEC-CNB and VEC, respectively. Meanwhile, adding 4 equiv. of CaCl 2 to the intermediate hydrogel VEC led to formation of the mechanically dynamic hydrogel VEC-MD. It is worth noting that the amount of CaCl 2 used for promoting hydrogelation is identical for all the three hydrogels to prevent the metal-coordination effect on the mechanical property of hydrogels. Time-dependent rheological studies showed that the mechanical properties of hydrogel VEC-MD exhibited a storage modulus 1060.3 Pa close to the value of the static hydrogel VEC-CNB (Fig. 3b) , indicating an initial stage of hydrogel VEC-MD composed of non-equilibrated VEC bilayers stabilized by the partial hydrophobic collapse involving partial segments. After 48 h, the storage modulus of hydrogel VEC-MD gradually increased to a value of 1936.5 Pa close to that of static hydrogel VEC, suggesting the occurrence of the hydrophobic interactions involving the full sequence (Fig. S16) . The time-dependent rheological studies demonstrate that the mechanically dynamic hydrogel VEC-MD undergo the transition from a partial to full hydrophobic collapse within the non-equilibrated VEC bilayers.
We carried out the time-dependent CD experiments to gain insight into the underlying mechanical for the hydrophobic collapse transition of non-equilibrated VEC bilayers within the mechanically dynamic hydrogel VEC-MD. A significant increase of the β-sheet signal intensity of hydrogel VEC-MD over 48 h indicates the enhanced population of β-sheets (Fig. S17) , indicative of the transition from partial to full hydrophobic collapse within the non-equilibrated VEC bilayers in hydrogel VEC-MD (Fig. 3d) . In contrast, CD spectra of static hydrogels VEC-CNB and VEC showed the constant intensity of the βsheet signal at 216 nm (Figs S18, S19), suggesting stable organization of the equilibrated peptide bilayers in the hydrogels VEC-CNB and VEC (Fig. 3d ). Due to the intimate relationship between the organizing fashion and the β-sheet population, we attributed the gradual increase of the β-sheet CD signal intensity to the directional domain sliding movements within the non-equilibrated VEC bilayers, rather than the dynamic dissociationreassociation process during the hydrophobic collapse transition within hydrogel VEC-MD. The time-dependent CD studies demonstrate that photo-cleavage of the CNB groups within equilibrated VEC-CNB bilayers generates the non-equilibrated VEC bilayers that undergoing the thermodynamically favorable hydrophobic collapse transition through a directional domain sliding motion, thus leading to the mechanically dynamic hydrogels with intrinsic mechanical movements (Fig. 3e) . Creation of the mechanically dynamic hydrogels allows us to investigate the effect of the directional mechanical movement on the differentiation of murine V6.5 ESCs when utilizing the hydrogels as artificial ECM (Fig. 4) . Under the self-renewing condition by adding LIF, ESCs were cultured on the surface of static hydrogels VEC-CNB and VEC or mechanically dynamic hydrogel VEC-MD for 1/2/4 days (Fig. 4b) . ESCs on hydrogels proliferate slower than ESCs on gelatin. Regardless, after 4-day culturing, an obvious increase of cell number for ESCs on hydrogels indicates the comparable capability for ESC growth by hydrogel VEC-CNB, VEC, and VEC-MD. In addition, alkaline phosphatase (AP) staining of ESCs cultured on hydrogels and gelatin for 4 days showed the comparable number of colonies (Fig. 4c) . These results suggest the excellent biocompatibility of the three hydrogels as artificial cellular matrices for ESCs.
We further investigated the differentiation of ESCs on static hydrogels VEC-CNB and VEC or mechanically dynamic hydrogel VEC-MD. Regardless of the culture surface, the expression levels of the pluripotency genes Sox2, Nanog, and Oct4 in ESCs in the absence of LIF are significant lower than those in ESCs in the presence of (Fig. 5a ), indicating the differentiation of ESCs upon LIF withdrawal when cultured on peptide hydrogels. In particular, all the pluripotency genes in ESCs cultured on hydrogel VEC-MD are expressed at the lowest expression level compared with ESCs on static hydrogels VEC-CNB and VEC and gelatin, implying the excellent capability of hydrogel VEC-MD for promoting the differentiation of ESCs. In addition, we analyzed the differentiation of ESCs by detecting the expression of the three germ layer markers, including paired box protein-6 (Pax6) and neuroepithelial stem cell protein (Nestin) as ectodermal markers, Fetal liver kinase-1 (Flk1) and Brachyury (T) as mesodermal markers, and Gata6 and Gata4 as endodermal markers, via quantitative reverse-transcription polymerase chain reaction (qRT-PCR) (Fig. 5b) . The expression levels of the three germ layer markers in ESCs on hydrogels or gelatin without LIF significantly increased compared with ESCs cultured on gelatin in the presence of LIF, indicative of the efficient differentiation of ESCs when using hydrogels as matrices.
We found that ectodermal markers Pax6 and Nestin were expressed at higher levels in ESCs cultured on hydrogels than those in ESCs on gelatin, suggesting that hydrogels VEC-CNB, VEC, and VEC-MD promoted the biased differentiation of ESCs towards the ectodermal lineage. In particular, the levels of Pax6 and Nestin in ESCs on hydrogel VEC-MD were further enhanced compared with ESCs on hydrogels VEC-CNB and VEC, whereas the levels of Pax6 and Nestin in ESCs on static hydrogels VEC-CNB and VEC were only slightly different. The slight difference in the expression levels of Pax6 and Nestin in ESCs on hydrogels VEC-CNB and VEC are potentially associated with the distinct mechanical properties of the hydrogels. Considering hydrogel VEC-MD exhibiting the stiffness gradient between those of hydrogels VEC-CNB and VEC and the identical chemical component between hydrogels VEC-MD and VEC, we attribute the enhanced level of Pax6 and Nestin in ESCs on hydrogel VEC-MD to the photo-induced directional domain sliding movement within hydrogel VEC-MD, rather than the mechanical property of the hydrogels. Based on the critical role of Pax6 and Nestin in physiological functions, the biased differentiation of ESCs into ectodermal lineages potentially facilitates the production of skin and nerve cells for skin transplantation and treatment of neurological diseases [44, 45] . Therefore, the results demonstrate that the mechanically dynamic hydrogel VEC-MD possesses the great potency for cell replacement therapy and tissue regeneration by promoting the ectodermal differentiation of ESCs.
To test the possibility that the mechanical movement within the hydrogels promotes the biased ESC differentiation through a mechanotransduction pathway, we monitored the activity of the Hippo pathway in HeLa cells cultured on static hydrogels VEC-CNB and VEC or mechanically dynamic hydrogel VEC-MD, using a YAP-GFP OE HeLa cell line (Fig. 6 ). The Hippo signaling pathway is a mechanotransduction pathway regulating cell proliferation, apoptosis, and self-renewal in response to mechanical cues [46] . The Hippo pathway consists of a kinase cascade, during which the downstream transcription co-activator YAP is phosphorylated. Previous studies revealed that mechanical cues, such as stiff ECM, promote nuclear translocation of unphosphorylated YAP for downstream gene activation [47] . Hence, monitoring the cyto-nuclear distribution of YAP allows for estimation of the mechanical cues perceived by cells. After 2-day culturing of YAP-GFP OE HeLa on hydrogels VEC-CNB, VEC, or VEC-MD (Fig. S21) , fluorescence images showed that culturing the HeLa cells on hydrogel VEC-MD led to a higher percentage of cells with nuclear localized YAP ( Fig. 6a and Fig. S22) , compared with the cells on the hydrogels VEC-CNB and VEC and on culture plate (Fig. 6b) . The difference of the distribution of YAP in cells cultured on hydrogels VEC-CNB and VEC might be attributed to the distinct hydrogel stiffness. However, the improved translocation of YAP into nucleus in cells cultured on hydrogel VEC-MD is likely associated with The YAP-GFP localization assays demonstrate that cells can sense the mechanical cues generated by the mechanical movements within the mechanically dynamic hydrogel VEC-MD. Therefore, it also supports a potential mechanotransduction mechanism for the biased ectodermal differentiation of ESCs guided by the photoinduced directional mechanical movement within the hydrogels.
CONCLUSIONS
In summary, we have designed and synthesized an alternating hydrophilic and hydrophobic peptide with a photocaged cysteine residue and created mechanically dynamic hydrogels undergoing photo-induced directional domain sliding movement. While the photocaged peptide assembled into flexible nanofibers induced by the hydrophobic interactions involving only partial-length sequence due to the hydrophilicity of the caged cysteine residues, the non-caged peptide formed rigid nanofibers caused by the hydrophobic collapse involving the fulllength sequence due to the hydrophobicity of non-caged cysteine residues. Therefore, upon UV light irradiation, the assemblies of the caged peptide were converted into non-equilibrated non-caged peptide bilayers that underwent the directional domain sliding motion induced by the hydrophobic collapse transition. Hydrogelation of the non-equilibrated non-caged peptide bilayers by adding calcium chloride resulted in formation of hydrogels undergoing directional domain sliding movement, which guided the biased ectodermal differentiation of murine ESCs. YAP-GFP localization assays revealed that the translocation of a mechanotransduction protein YAP into nucleus was facilitated by the mechanically dynamic hydrogels, demonstrating generation of mechanical cues by the mechanical movement when utilizing the hydrogels as ECM and thereby indicating a potential mechanotransduction mechanism for the biased ectodermal differentiation of ESCs. Our results of the mechanically dynamic hydrogels promoting ectodermal differentiation of ESCs, which can be further differentiated into skin and nerve cells and applied for skin transplantation and treatment of neurological diseases, demonstrate that the mechanically dynamic hydrogels are promising biomaterials for regenerative medicine. Alternative to dynamic hydrogels, the non-equilibrated peptide assemblies potentially serve as one new type of platforms to associate with cells in solution and affect their cellular behavior including proliferation, movement, and cargo uptake due to the intrinsic mechanical signals within peptide assemblies, thus facilitating development of functional biomaterials towards high performance in disease therapy. 
